Background {#Sec1}
==========

Molecular biology has allowed for a deeper investigation of changes in the visual nervous system associated with amblyopia \[[@CR1]\]. The lateral geniculate body (LGBd) is part of the visual nervous system that participates in the formation of fine vision, such as directionality \[[@CR2]\]. In amblyopia, neuronal function in the LGBd is reduced \[[@CR3]\] or even atrophied \[[@CR4], [@CR5]\]. The afferent links in areas 17 and 18 of the cat's visual cortex are formed by neurons in the dorsolateral geniculate body \[[@CR6]\], and the lateral geniculate neurons projecting to area 17 of the visual cortex remain plastic in adult mice \[[@CR7]\]. So the LGBd plays an important role in visual development. Scholars have proven that many neurotransmitters, such as nerve growth factor, brain-derived neurotrophic factor, they are beneficial for the transmission of nerve signals or for the nutrition of neurons, and the expression of these neurotransmitters is significantly inhibited during amblyopia. Therefore, studying how a specific neurotransmitter is altered in the amblyopic LGBd can reveal the role of this transmitter in visual development, and the potential therapeutic effect of this neurotransmitter on amblyopia can be observed in amblyopic animals, thereby providing a possible theoretical basis for the treatment of amblyopia.

As a neurotransmitter, vasoactive intestinal peptide (VIP), is composed of 28 amino acid residues and belongs to the secretory glucagon family. VIP was named for its vasodilation activity and was initially considered a candidate gastrointestinal hormone. VIP has been found to be widely distributed in the cerebral cortex and intraocular tissue \[[@CR8]--[@CR11]\]. The cerebral cortex of rats began to express VIP at birth, and VIP expression in the cortex was significantly up-regulated 42 days ago, and the expression was significantly down-regulated from 42 days to adulthood \[[@CR12]\]. As a neuromodulator, VIP can inhibit the development of form-deprivation myopia \[[@CR13]\]. Subsequently, VIP was shown to be widespread in the LGBd \[[@CR14]\].

The purpose of this study was to explore the role of VIP in the LGBd of kittens in visual development. At the same time, our study aimed to provide a relatively safe and effective drug treatment for amblyopia that could have a high utilization rate and be electrophysiologically effective.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

We used thirty healthy 3-week-old domestic cats (The Experimental Animal Centre of North Sichuan Medical College, Nanchong, China. Production approval number: SCXK (Liao) 2018--0003. Application approval number: SYXK (Chuan) 2019--215), regardless of gender and hair colour, weighing approximately 290 g --- 360 g and excluded those with refractive medium opacity and fundus abnormalities. Optometry revealed that the dioptre of all kittens was about + 1.0 D − + 2.5 D. The kittens were kept in an environment (about 50mm^2^) with sufficient light, no social isolation and, and an indoor temperature maintained at (27 ± 1) °C, provided with enough toys, cat scratching boards and cat litter in the room (provided by the Experimental Animal Centre of North Sichuan Medical College). Before 5 weeks of age, kittens are unable to eat solid food autonomously; therefore, the kittens were fed kitten milk powder and drinking water regularly 8 times a day. After 5 weeks of age, the cats had access to sufficient amounts of fresh food and drinking water indoors. This study was approved and supervised by the Experimental Animal Ethics Committee of North Sichuan Medical College.

Animal model establishment {#Sec4}
--------------------------

The kittens were randomly divided into a control group (*n =* 10) and a monocular deprivation group (*n =* 20) (randomly designated by non-breeders). The kittens in the deprivation group were anesthetized by injecting intraperitoneally with 2% sodium pentobarbital (provided by the Experimental Animal Centre of North Sichuan Medical College, Nanchong, China) (35 mg/kg) in the operating room, paying close attention to breathing during anesthesia, using a table lamp to maintain body temperature. After confirmation that the kitten had no reaction to the pain in the ear, four skin fixation sutures were made symmetrically in the right orbital skin. The end of the suture was formed into a small ring (that always existed during the covering process), through which a silk thread was passed. Then, a knot was tied through four holes of a black blindfold to fix the blindfold and ensure that it does not oppress the eyeball (Fig. [1](#Fig1){ref-type="fig"}a). After disinfecting the skin suture with iodophor, the kittens were wrapped with the appropriate size of quilt and pay attention to their status. At the age of 6 weeks, the PVEP recordings were compared between groups to ensure that the deprivation group had acquired monocular amblyopia. Five kittens in each group were randomly selected, and each kitten was euthanized by injecting intraperitoneally with 2% sodium pentobarbital (100 mg/kg). The left LGBd was isolated according to the Sinder cat brain stereotactic map. The remaining 5 kittens in the control group continued to be raised as the normal control group. After the blindfold was removed, the remaining 15 amblyopia kittens were randomly divided into a VIP intervention group, which received 10 μg VIP/40 μl (containing 10% Sefsol and 40% isopropanol) daily through nasal mucosa; a Sefsol intervention group, which received 10% Sefsol and 40% isopropanol via nasal mucosa every day; and a amblyopia non-intervention group, which did not receive any treatment (Fig. [1](#Fig1){ref-type="fig"}b). All kittens were euthanized by 2% sodium pentobarbital (100 mg/kg) at 9 weeks of age. VIP immunohistochemistry and VIP mRNA in situ hybridization were then performed on all samples. Throughout the study, no kittens died unexpectedly. Fig. 1Cover model and grouping diagram of kittens. **a** The right eyes of the deprivation group were covered with an eye. Patch; **b** Schematic diagram of the grouping of kittens during the study

PVEP detection {#Sec5}
--------------

PVEP was tested every other week after the models were established. After intraperitoneal injection of 2% sodium pentobarbital (35 mg/kg), the hair of the corresponding part of the kitten was removed. Three needle electrodes were sterilized by alcohol and used to penetrate the skin of forehead, occipital and the back of the ear. The corresponding lens was used to correct the refraction, and the head position was adjusted so that the centre of the posterior pole of the retina was on the same horizontal line as the centre of the screen. PVEP was detected with checkerboard reversal stimulation with a mode of 0.3 cpd, time frequency of 1 Hz, and 64 superpositions. PVEP detection was repeated on each eye three times.

VIP immunohistochemistry {#Sec6}
------------------------

Paraffin sections were dewaxed to water and placed in a repair box containing citric acid (PH6.0) antigen repair buffer for antigen repair. The slices were placed in 3% hydrogen peroxide solution and phosphate buffer saline (pH = 7.4) in turn to block endogenous peroxidase. The tissue was then evenly covered with 3% BSA blocking solution (Seville Co., Ltd. Wuhan, China) in the culture dish for serum blocking. The VIP antibody and HRP-labelled goat anti-rabbit antibody were added in sequence, and the tissue was developed with diaminobenzidine. Positive staining appeared as a brownish yellow colour. Haematoxylin was used to dye the nucleus blue, and the tissue was dehydrated. Microscopic examination, image acquisition and analysis were then performed.

VIP mRNA in situ hybridization {#Sec7}
------------------------------

Paraffin sections were dewaxed in water and boiled in repair solution for 10 min. After natural cooling, digested with protease K (20 μg/ml) at 37 °C for 25 min. Then, 3% methanol-hydrogen peroxide was added, and the slide was placed in phosphate buffer saline (PH7.4) to block endogenous peroxidase. After pre-hybridization, VIP1 + VIP2 + VIP3 mRNA probe (5′-DIG-CGAAG GCGGG TATAG TTGTC GGTGA AGA-DIG-3′;5′-DIG-TGCAT CCGAG TGGCG CTTGA TTGG-DIG-3′; 5′-DIG-CTGGT TTCCA TCTTT GTACC TTGCC AAGTA GTG-DIG-3')hybridization solution containing the probe was added (Seville co., Ltd. Wuhan, China) at a concentration of 3 ng/μl. Hybridization was conducted at 37 °C in an incubator overnight, and then the hybridization solution was washed away. BSA blocking solution was then added, followed by a drop of mouse anti-digoxigenin-labelled peroxidase (Jackson Inc., USA). Positive VIP expression was visualized with the brownish yellow staining of diaminobenzidine, and haematoxylin stained the nuclei blue. The tissue was then dehydrated, and microscopic examination, image acquisition and analysis were performed.

Statistical analysis {#Sec8}
--------------------

The statistical software SPSS 22.0 was used. The data were expressed as the mean ± standard deviation (^−^x ± s). The results of P100 wave, immunohistochemistry and in situ hybridization between each group were compared by Two independent sample t tests, and the rank sum test was used for data that did not obey the normal distribution.

Results {#Sec9}
=======

PVEP {#Sec10}
----

When performing a PVEP test, a good waveform can be seen by controlling the resistance (Fig. [2](#Fig2){ref-type="fig"}). At the age of 6 weeks, the latency of the right eye in the control group and the left eye in the deprivation group was shorter than right eye in the deprivation group (*P =* 0.000, 0.000), and the amplitude was higher (*P =* 0.009, 0.000), indicating the formation of monocular amblyopia in the deprivation group. At the age of 9 weeks, no obvious changes in the habits of kittens were observed, and the feeding process was normal. The latency of the P100 wave in the right eye of the VIP intervention group was shorter than that of the Sefsol intervention group (*P =* 0.015) and amblyopia non-intervention group (*P =* 0.005) but longer than that of the normal control group *(P =* 0.000). The amplitude of the P100 wave in the right eye of the VIP intervention group was higher than that of the Sefsol intervention group (*P =* 0.017) and the amblyopia non-intervention group (*P =* 0.010) but lower than that of the normal control group (*P =* 0.001). The latency and amplitude of the Sefsol intervention group was compared with those of the amblyopia non-intervention group (*P* = 0.180,0.646). Therefore, VIP had a positive effect on the recovery of visual function in amblyopic kittens (Table [1](#Tab1){ref-type="table"}). (Relevant data is available at <https://figshare.com/s/8c33cde2c66fc92d39ea>). Fig. 2PVEP curves of each group of kittens. Figure legend: At 6 weeks of age, P100 in the (**b**) right eye of the deprivation group was compared with the (**c**) contralateral eye and the (**a**) right eye of the control group, the latency was prolonged and the amplitude decreased. At the age of 9 weeks, P100 of (**e**) VIP intervention group was compared with that of (**f**) Sefsol intervention group and (**g**) amblyopia non-intervention group, the latency was shortened and the amplitude was increased. The latency of P100 in VIP intervention group was still longer than that in (**d**) normal control group, and the amplitude was still lower Table 1P100 latency and amplitude in each groupP100 latencyP100 amplitudeRight eye of the 6-week-old control group98.19 ± 1.65 ms12.57 ± 0.93uRight eye of 6-week-old deprivation group110.38 ± 2.04 ms9.62 ± 0.70uLeft eye of 6-week-old deprivation group99.35 ± 2.04 ms12.12 ± 0.89u9-week-old normal control group87.93 ± 1.71 ms13.50 ± 0.64u9-week-old VIP intervention group96.23 ± 1.61 ms11.59 ± 0.55u9-week-old Sefsol intervention group99.14 ± 1.34 ms10.58 ± 0.53u9-week-old non-intervention group100.76 ± 2.06 ms10.41 ± 0.57uAt 6 weeks of age, the right eye in the deprivation group had a longer latency and lower amplitude than the left eye in the deprivation group (*P* = 0.000,0.000) and the right eye in the control group (*P* = 0.000,0.000). At the age of 9 weeks, the VIP intervention group had a shorter latency and a higher amplitude than that of the Sefsol intervention group (*P* = 0.015,0.017) and the amblyopia non-intervention group (*P* = 0.005,0.010), but the latency was longer and the amplitude was lower than the normal control group (*P* = 0.000,0.001)

VIP immunohistochemistry {#Sec11}
------------------------

Two visual fields were randomly selected from each slice for statistical analysis. Positive VIP expression, indicated by brown to yellowish yellow staining, was found in the cytoplasm of LGBd neurons in each group, and the nuclei were stained blue (Fig. [3](#Fig3){ref-type="fig"}). At the age of 6 weeks, there were more VIP-positive cells in the control group than in the deprivation group (*P =* 0.000), and the average optical density of the positive cells in the control group was higher than that in the deprivation group (*P =* 0.000). At 9 weeks of age, the VIP intervention group had more VIP-positive cells than the Sefsol intervention group (*P =* 0.008) and the amblyopia non-intervention group (*P =* 0.017) but fewer than the normal group (*P =* 0.000). The average optical density of VIP-positive cells in the VIP intervention group was higher than that in the Sefsol intervention group (*P =* 0.015) and amblyopia non-intervention group (*P =* 0.055), but weaker than that in the normal group (*P =* 0.000). The Sefsol intervention group was compared with the amblyopia non-intervention group *(P =* 0.613,0.780). (Table [2](#Tab2){ref-type="table"}). (Relevant data is available at <https://figshare.com/s/8c33cde2c66fc92d39ea>). Fig. 3Immunohistochemical performance in lateral geniculate neurons in each group (DAB× 200). VIP positive expression in the cytoplasm of neurons was brown-yellow. At the age of 6 weeks, **a** control group had more positive cells, in the (**b**) deprivation group, there were fewer positive cells. At 9 weeks of age, **c** normal control group with more positive cells, in the (**d**) VIP intervention group, positive cells increased compared with the (**e**) Sefsol intervention group and the (**f**) non-intervention group, but still less than the normal control group Table 2VIP immunohistochemical results in each groupCellsPositive cell numberMean optical density of positive6-week-old control group107.00 ± 15.043628.46 ± 992.796-week-old deprivation group38.70 ± 24.391836.87 ± 980.499-week-old normal control group128.75 ± 15.514181.37 ± 811.049-week-old VIP intervention group69.20 ± 11.932955.82 ± 816.149-week-old Sefsol intervention group58.15 ± 12.932565.91 ± 658.859-week-old amblyopia non-intervention group60.10 ± 11.202510.35 ± 588.32At the age of 6 weeks, the number of VIP positive cells and the average optical density in the control group were higher than those in the deprivation group (*P* = 0.000,0.000).At the age of 9 weeks, the number of positive cells and average optical density in the VIP intervention group were higher than those in the Sefsol intervention group (*P* = 0.008,0.105) and the amblyopia non-intervention group (*P* = 0.017,0.055), but still lower than those in the normal control group (*P* = 0.000,0.000)

VIP mRNA in situ hybridization {#Sec12}
------------------------------

Two visual fields were randomly selected from each slice for statistical analysis. VIP mRNA, indicated by brown to yellowish yellow staining, was expressed in the cytoplasm of LGBd neurons of all kittens and overlapped with the blue-stained nucleus (Fig. [4](#Fig4){ref-type="fig"}). At the age of 6 weeks, the kittens in the control group had more VIP mRNA-positive cells than those in the deprivation group (*P =* 0.000), and the average optical density of the positive cells in the control group was higher than that in the deprivation group (*P =* 0.000). At 9 weeks of age, kittens in the VIP intervention group had more positive cells than those in the Sefsol intervention group (*P* = 0.012) and amblyopia non-intervention group (*P =* 0.023) but fewer than the kittens in the normal control group (*P* = 0.000). The average optical density of positive cells in the VIP intervention group was higher than that in the Sefsol intervention group (*P* = 0.037) and amblyopia non-intervention group (*P* = 0.007) but lower than that in the normal control group (*P* = 0.000) (Table [3](#Tab3){ref-type="table"}). (Relevant data is available at <https://figshare.com/s/8c33cde2c66fc92d39ea>). Fig. 4In situ hybridization performance in lateral geniculate neurons in each group (DAB× 200). The positive expression of VIP-mRNA was found in the cytoplasm of the neurons and overlapped with the blue staining nuclei, showing a brown-yellow color. At the age of 6 weeks, **a** control group had more positive cells, in the (**b**) deprivation group, there were fewer positive cells. At 9 weeks of age, **c** normal control group with more positive cells, in the **d** VIP intervention group, positive cells increased compared with the (**e**) sefsol intervention group and the (**f**) non-intervention group, but still less than the normal control group Table 3VIP mRNA in situ hybridization results in each groupCellsPositive cell numberMean optical density of positive6-week-old control group58.40 ± 11.322990.73 ± 712.816-week-old deprivation group29.60 ± 9.131198.70 ± 305.759-week-old normal control group73.25 ± 10.883518.02 ± 512.599-week-old VIP intervention group49.35 ± 9.911973.34 ± 593.979-week-old Sefsol intervention group41.40 ± 9.061624.99 ± 408.619-week-old amblyopia non-intervention group42.40 ± 8.601522.86 ± 351.60At the age of 6 weeks, the number of VIP positive cells and the average optical density in the control group were higher than those in the deprivation group (*P* = 0.000,0.000).At the age of 9 weeks, the number of positive cells and average optical density in the VIP intervention group were higher than those in the Sefsol intervention group (*P* = 0.012,0.037) and the amblyopia non-intervention group (*P* = 0.023,0.007), but still lower than those in the normal control group (*P* = 0.000,0.000)

Discussion {#Sec13}
==========

Short-term monocular deprivation weakens the synaptic connections of the visual conduction pathway in the deprived eye, resulting in a significant decline in vision \[[@CR15]\]. Form deprivation during the sensitive period of visual development leads to amblyopia. Our experiment was carried out during the sensitive period of visual development in kittens to ensure that this effect of form deprivation was observed. During the sensitive period of visual development, amblyopia and a decrease in VIP expression in the LGBd were caused by the unequal input of binocular visual information, and this decrease in VIP expression promoted the development of amblyopia. After 3 weeks of nasal administration of VIP, the PVEP results showed improvements, and VIP expression in the LGBd was increased. These results suggest that nasally administered VIP can reach the cerebral cortex and have an effect. VIP intervention can improve the metabolism of lateral geniculate neurons and enhance visual function during the sensitive period of visual development in amblyopic kittens.

After monocular deprivation, the expression of VIP in the LGBd of the deprivation group was significantly lower than that of the control group, indicating that VIP expression depended on normal illumination. Immunohistochemistry showed that the ability of LGBd neurons to express the VIP protein was decreased by form deprivation, and in situ hybridization demonstrated that form deprivation also affected the production of endogenous VIP mRNA in the LGBd. VIP, as a neurotransmitter in the central system \[[@CR16], [@CR17]\], is widely distributed in neurons \[[@CR18]\] and binds to receptors VPAC1, VPAC2, and PAC1 \[[@CR19]\]. After binding to the receptor, VIP plays a physiological role through a series of signal transduction pathways, including the cAMP-dependent protein kinase pathway, alcohol phospholipid pathway, ornithine decarboxylase polyamine pathway and Ras pathway. Down-regulated expression of VIP in the LGBd will lead to a reduction in the binding of VIP to its associated receptors, thereby probably inhibiting the expression of the corresponding function. At the same time, the decrease in VIP reduces the diurnal discharge frequency of neurons, thereby affecting the long-term electrical activity in the suprachiasmatic nucleus of the central system \[[@CR20], [@CR21]\]. The down-regulation in VIP also inhibits electrical transmission between neurons via the VPAC2-mediated cAMP pathway \[[@CR22]\], thereby hindering the information transmission in the visual nervous system. These effects, in turn, accelerate the emergence of amblyopia.

After 3 weeks of VIP intervention, the expression of VIP in lateral geniculate neurons increased, and increased VIP expression promoted the recovery of visual function through its physiological effects. VIP can counteract the decrease in neurons caused by electrical conduction block \[[@CR23]\], inhibit the apoptosis of neurons by reducing the translocation of cytochrome C from the mitochondria to the cytoplasm \[[@CR24]\], and promote the proliferation of neurons. VIP can inhibit the production of interleukin-1 β, tumour necrosis factor α, β-amyloplast and other inflammatory and neurotoxic factors produced by microglia in the inflammatory environment and plays a protective role in neurons \[[@CR25], [@CR26]\]. VIP provides indirect nutritional support to neurons by acting on astrocytes \[[@CR27]\] and provides nutrition for neurons undergoing division \[[@CR28]\]. VIP has also been found to induce glycogen decomposition in the cerebral cortex of mice, potentially through increasing glucose utilization by promoting the formation of AMP \[[@CR29]\]. VIP is also involved in regulating the secretion of intracellular pancreatic polypeptide, adiponectin, insulin and other metabolic hormones, thereby affecting cell metabolism \[[@CR30]\]. VIP can also activate other excitatory intermediate neurons to produce excitatory postsynaptic potentials, which further increase the excitability of the central nervous system. VIP affects the biological metabolism of neurons in the visual nervous system by regulating the proliferation and differentiation of neurons, the synthesis of a variety of cytokines, the secretion of related hormones and the nutritional support of neurons to improve visual function.

Arden et al. \[[@CR31]\] designed the checkerboard square reversal stimulation visual evoked potential test for clinical amblyopia examination. The latency of the P100 wave in amblyopia eyes is longer and the amplitude is lower than in normal eyes. Visual evoked potentials have been widely used as a diagnostic and therapeutic evaluation of amblyopia \[[@CR32], [@CR33]\]. In our experiment, the latency of the P100 wave in amblyopic eyes of amblyopic kittens was longer and the amplitude was lower than those in the contralateral eyes and the ipsilateral eyes of the control group, consistent with the results of previous studies. Hubel and Wiesel \[[@CR34]\] found that the visual plasticity of kittens was highly sensitive before 8 weeks after birth, gradually decreased after 8 weeks, and disappeared at the 3rd month. After 3 months, the effect of monocular deprivation on the size of neurons in the LGBd was basically negligible \[[@CR35]\]. Therefore, we performed monocular deprivation at the 3rd week after birth to ensure its effect on visual development. Because dark environments affect the plasticity of the visual cortex of kittens, increasing the amplitude of P100 waves \[[@CR36]\] and improving vision \[[@CR37]\], dark environments may also affect the plasticity of the LGBd. All experimental animals were maintained in a 24-h light environment, and observation revealed that maintaining light at night did not affect sleep. Correction of ametropia was performed during PVEP to avoid interference with P100 latency and amplitude \[[@CR38]\]. Gozes et al. \[[@CR39]\] administered VIP to the nasal mucosa of rats through inhalation to treat Alzheimer's disease and found that the concentration of VIP in the brains of rats was similar to that found with direct intraventricular injection. In contrast, intravenous administration of VIP results in significantly lower concentrations in the brain and blood \[[@CR40]\]. Therefore, VIP (containing 10% Sefsol and 40% isopropanol) was given through nasal mucosa, in which Sefsol and isopropanol were used as penetration enhancers. The latency and amplitude of the P100 wave in the amblyopia Sefsol intervention group were similar to those in the amblyopia non-intervention group, with differences that were not statistically significant; therefore, the effects of Sefsol and isopropanol as penetration enhancers on the experimental results were excluded. At the same time, innovative covering methods were used to reduce the risk of skin infection due to traditional eyelid suture and avoid the adverse consequences of repeated PVEP detection on eyelid skin, such as corneal irritation and suture rupture.

However, due to the short intervention time of VIP in this experiment, the full pharmacological effect of VIP may not have been observed; the P100 latency and amplitude in the VIP intervention group remained significantly different from those in the normal control group. Moreover, there was no significant difference in the average optical density of VIP immunohistochemically positive cells between the amblyopia Sefsol intervention group and the amblyopia non-intervention group. However, significant differences were still seen in the number of VIP-positive cells. Based on the experimental results, VIP undeniably has a therapeutic effect on the visual nervous system. Some studies have found that LGBd function in form-deprived amblyopic kittens can be partially restored after the sensitive period of visual development \[[@CR41]\], which is worthy of our next study.

Conclusions {#Sec14}
===========

In summary, VIP in the LGBd of kittens plays an important role in visual development. Nasal administration of VIP in amblyopic kittens promoted the development and growth of neurons in the LGBd, increased the expression of VIP, shortened the latency of the P100 wave and increased its amplitude in amblyopic eyes. Therefore, VIP has therapeutic significance for form-deprived amblyopic kittens.

LGBd

:   lateral geniculate body

PVEP

:   pattern visual evoked potential

VIP

:   Vasoactive intestinal peptide
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